The volumes of distribution of a number of substances of widely varying molecular size and chemical properties, including sulfate, thiosulfate, mannitol, sucrose, and inulin, have been found to represent 15 to 25 per cent of body weight of man, dog, and other mammals. The apparently equal volumes of distribution of these dissimilar substances has suggested that the distribution of each of these substances measures the same portion of body fluid and has led to efforts to identify this volume of body fluid with the extracellular fluid volume.
The volumes of distribution of a number of substances of widely varying molecular size and chemical properties, including sulfate, thiosulfate, mannitol, sucrose, and inulin, have been found to represent 15 to 25 per cent of body weight of man, dog, and other mammals. The apparently equal volumes of distribution of these dissimilar substances has suggested that the distribution of each of these substances measures the same portion of body fluid and has led to efforts to identify this volume of body fluid with the extracellular fluid volume.
In a series of individuals, however, there is a considerable range in the fraction of body weight which the volume of distribution of any one of these substances represents. In only a few instances have the distributions of two of these substances been compared simultaneously in the same individual. Schwartz (1) reported a ratio of thiosulfate volume to simultaneously measured mannitol volume of 0.90 (0.87 to 0.96) in four normal dogs, a ratio of 1.02 and 0.98 in two normal human subjects, and a ratio of inulin to simultaneously measured mannitol volume of 0.97 (0.93 to 1.02) in six normal human subjects (2) . Walser, Seldin, and Grollman (3) reported a ratio of radiosulfate volume to simultaneously measured inulin volume of 0.95 (S.D. + 0.11) in nine normal human subjects. Deane, Schreiner, and Robertson (4) measured volumes of sucrose and inulin in each of four normal human subjects on separate occasions and found an average ratio of sucrose volume to inulin volume of 0.97 (0.94 to 1.03). Most of these comparisons depend on quantitative recovery in the urine of infused inulin.
Kruhaffer's (5) data indicate a larger volume of distribution for sucrose than inulin in nephrectomized rabbits. Raisz, Young, and Stinson (6) have reported a ratio of inulin volume to thio-sulfate volume of 0.76 (0.74 to 0.79) in four normal dogs and of sucrose volume to thiosulfate volume of 0.86 (0.86 to 0.87) in three normal dogs in which distributions of these pairs of substances were studied simultaneously. Nichols, Nichols, Weil, and Wallace (7) found that the ratio of inulin volume to thiosulfate volume averages 0.79 in five nephrectomized dogs.
To determine which, if any, of these substances distribute in equal volumes, the distributions of six substances: radiosulfate, thiosulfate, mannitol, sucrose, raffinose, and inulin, ranging in molecular weight from 96 to 5100 and including two anions, have been compared in nephrectomized dogs. These comparisons have been made under conditions which eliminate or minimize uncertainties regarding: a) extrarenal removal of these substances, b) changing plasma blank, c) completeness of recovery of the injected substance in the urine, and d) upper urinary tract dead space. The volumes of distribution of three of these substances, radiosulfate, thiosulfate, and mannitol, have been found to be equal. Sucrose, raffinose, and inulin volumes are smaller in inverse order to the molecular size of these substances.
Volumes of distribution of d-galactose, d-xylose, and l-arabinose have been reported to increase in nephrectomized dogs and rabbits after insulin administration, presumably the result of insulin facilitating transport of these substances across cell membranes (8, 9) . The possibility that endogenous insulin release might alter volumes of distribution of the six substances studied has been investigated by observing the effect of intravenous insulin on their volumes of distribution.
METHODS
A. Experimental plan 1. In the analytical methods used for inulin, raffinose, and sucrose, these substances are mutually interfering. Therefore, the volumes of distribution of the six substances were compared in three groups of four or five experiments each: a) A group in which inulin, mannitol, thiosulfate, and radiosulfate were infused; b) a group in which raffinose, mannitol, thiosulfate, and radiosulfate were infused; and c) a group in which sucrose, mannitol, thiosulfate, and radiosulfate were infused. In three control experiments sodium chloride solution equal in volume and approximately isosmotic with the solutions given in each of the first three groups of experiments was infused and changes in plasma blank for each of the six substances were determined under comparable experimental conditions.
2. The effect of insulin on the distribution of these six substances was determined in two experiments for each of the six substances. 0.2 units of crystalline zinc insulin per kilogram of body weight was injected intravenously four hours after infusion of these substances.
3. In the first three groups of experiments, the four substances were infused in sequence over a 15-minute period. The mid-point of the thiosulfate infusion, the third substance infused, was taken as zero time. The infusions are estimated to have increased extracellular fluid by 2 to 4 per cent of pre-infusion volume.
3. Plasma volume was estimated two and six hours after infusion by dilution of T-1824 dye using the procedure described by Chinard (10) . The mean of the two determinations was used in the calculations.
C. Analytical methods
Inulin concentration in aliquots of infusion fluid and in Somogyi filtrates of plasma was determined after 30-minute exposure to yeast by the method of Harrison (11) . Dilutions of a solution of an accurately weighted sample of Difco inulin served as standards.
Plasma glucose was determined by the method of Nelson (12) . Raffinose in an aliquot of the same filtrate was hydrolyzed in 0.1 N HCl at 800 C. for 25 minutes. After neutralization with NaOH, reducing sugar was determined by the method used for glucose. Raffinose concentration was calculated from the difference in raffinose equivalents of reducing substances present before and after acid hydrolysis. Acid hydrolysis did not increase the apparent glucose concentration of plasma not containing raffinose.
Sucrose was determined in cadmium filtrates by method of Schreiner (13) , the optimal conditions for hydrolysis and color development described for inulin determination having been found to apply equally well for sucrose. Mannitol was determined in cadmium filtrates by the method of Corcoran and Page (14) . In experiments in which sucrose was infused, sucrose and mannitol were determined in the same filtrates.
Plasma blanks of inulin, sucrose, and mannitol were determined additively.
Thiosulfate total activity infused and mean specific activity of plasma Plasma and whole blood chloride concentrations were samples obtained between two and one-half to four hours determined by the method of Van Slyke and Hiller (16) . after infusion. Total chloride in erythrocytes was calcuHematocrits were measured in Wintrobe tubes centri-lated from plasma and whole blood chloride concentrafuged at 4,000 rpm. for 30 minutes (radius, 17 cm.). tion, plasma volume and hematocrit. Concentration of water in plasma was estimated from
The extrarenal clearance of each substance from its plasma specific gravity (17) .
volume of distribution was calculated by the equation of All determinations were made in duplicate.
Newman, Bordley, and Winternitz (15) 
RESULTS
Volumes of distribution of mannitol, thiosulfate and radiosulfate, simultaneously compared with either inulin, raffinose, or sucrose, are shown in Table I . Figure 2 . In Figures 3 to 5 are shown data from a representative experiment in each of the three groups. The concentration in plasma water of each of these six substances apparently decreases as a simple exponential function of time beginning one and one-half to three hours after infusion.
Extrarenal clearance
The extrarenal clearances of these substances are shown in Table II . The clearance of mannitol is within the range observed in nephrectomized dogs by Houck (18) , but averages somewhat less. The extrarenal clearances of inulin, sucrose, and radiosulfate are within the same range, that of raffinose is slightly higher, and that of thiosulfate is several times as high.
Insulin effect
The effect of insulin on the distribution of these substances is shown in Figure 6 . Insulin in an (20) . Gastrointestinal secretions are not included in extracellular fluid as here defined.
Under these experimental conditions, radiosulfate, mannitol, and sucrose appear in bile and pancreatic juice in concentrations approaching plasma concentration, while inulin is excreted in bile in a concentration approximately one-third that of plasma (20) .
Inulin and sucrose are hydrolyzed in the gut and presumably their calculated volumes of distribution do not include gastrointestinal secretion or contents.
If mannitol (21) and radiosulfate are reabsorbed from the gut at these concentrations, a fraction of their calculated volumes of distribution may include a fraction of gastrointestinal fluid, the magnitude of this fraction depending on the rate and site of reabsorption (22) .
The volume measured by radiosulfate, thiosulfate, and mannitol includes approximately 80 per cent of the body chloride. The remainder, minus the chloride in erythrocytes and estimated chloride in transcellular fluid, is consistent with the fractions of chloride which Amberson, Nash, Mulder, and Binns (23) and Yannet and Darrow (24) found to be present in tissues in a form other than as an ultrafiltrate of plasma, either intracellular or bound in some manner to extracellular structures.
The concept that the volumes of distribution of mannitol, thiosulfate, and radiosulfate are coextensive with extracellular fluid as here defined is not compatible with available information on their distribution as measured by tissue analysis. Nichols, Nichols, Weil, and Wallace (7) have found thiosulfate to be virtually equilibrated with only 45 per cent of Achilles or patellar tendon water and with 78 per cent of skin water three hours after infusion. The bulk of tendon water is certainly extracellular, but its total volume in studies on the whole animal probably is not significant. However, even the most generous estimate of intracellular water in skin can account for only one-half to one-third of the water of skin into which thiosulfate fails to distribute. The volume of this water is probably significant in studies on the whole animal. Studies of the distribution into water of skin and bone of radiosulfate or mannitol, substances whose plasma concentrations do not decrease as rapidly as does that of thiosulfate, should answer whether significant fractions of extracellular fluid can be shown to be excluded from these volumes of distribution.
A truly rectilinear decrease in the logarithm of the plasma concentration of radiosulfate, thiosulfate, mannitol, sucrose, raffinose, and inulin, with time after one and one-half to three hours of equilibration, would indicate that these substances are being removed from their calculated volumes of distribution by such processes as destruction within cells or destruction or sequestration in the gut. It would exclude diffusion into more restricted or remote regions of extracellular fluid at relatively slower rates. The latter possibility is suggested by the studies of Cotlove (25) and Nichols, Nichols, Weil, and Wallace (7) on the distribution of inulin, sucrose, and thiosulfate in tissues. Our data do not exclude this possibility because the very slight curvilinearity in the plot reflecting such a process would not become apparent during the period of these observations.
Despite the above uncertainties regarding the identification of the volumes of distribution of radiosulfate, thiosulfate, and mannitol with extracellular fluid, we believe their distributions are the best available measure of extracellular fluid volume in the nephrectomized dog. Disadvantages are: variability in the plasma blank in the case of mannitol, the occasional failure to observe a linear decrease in the logarithm of plasma concentration with time in the case of thiosulfate, and the uncertainty regarding Donnan distribution across capillary membranes in the case of radiosulfate and thiosulfate.
We are unable to rationalize on a structural basis the smaller volumes of distribution of sucrose, raffinose, and inulin. In the nephrectomized dog these volumes are clearly smaller than those of radiosulfate, thiosulfate, and mannitol. The question whether similar relations obtain in man could be answered by similar comparisons in anuric patients.
SUM MARY
1. The volumes of distribution of radiosulfate, thiosulfate, mannitol, sucrose, raffinose, and inulin have been compared in nephrectomized dogs. Radiosulfate, thiosulfate, and mannitol volumes are apparently equal when measured simultaneously in the same animal. The volumes of distribution of sucrose, raffinose, and inulin are smaller in inverse order to the molecular size of these substances.
2. Intravenous insulin, which has been shown by others to affect the distribution of other slowly metabolized monosaccharides, increases the apparent volume of distribution of raffinose, but does not affect the distribution of radiosulfate, mannitol, sucrose, or inulin.
3. The possibility that the volume measured by radiosulfate, thiosulfate, and mannitol distribution is coextensive with extracellular fluid, as here defined, is discussed.
